Abstract-Quantitative ultrasound elastography is increasingly being used in the assessment of chronic liver disease. Many studies have reported ranges of liver shear wave velocity values for healthy individuals and patients with different stages of liver fibrosis. Nonetheless, ongoing efforts exist to stabilize quantitative ultrasound elastography measurements by assessing factors that influence tissue shear wave velocity values, such as food intake, body mass index, ultrasound scanners, scanning protocols, and ultrasound image quality. Time-to-peak (TTP) methods have been routinely used to measure the shear wave velocity. However, there is still a need for methods that can provide robust shear wave velocity estimation in the presence of noisy motion data. The conventional TTP algorithm is limited to searching for the maximum motion in time profiles at different spatial locations. In this paper, two modified shear wave speed estimation algorithms are proposed. The first method searches for the maximum motion in both space and time [spatiotemporal peak (STP)]; the second method applies an amplitude filter [spatiotemporal thresholding (STTH)] to select points with motion amplitude higher than a threshold for shear wave group velocity estimation. The two proposed methods (STP and STTH) showed higher precision in shear wave velocity estimates compared with TTP in phantom. Moreover, in a cohort of 14 healthy subjects, STP and STTH methods improved both the shear wave velocity measurement precision and the success rate of the measurement compared with conventional TTP.
Improved Shear Wave Group Velocity Estimation
Method Based on Spatiotemporal Peak and Thresholding Motion Search I. INTRODUCTION C RONIC liver damage is characterized by an increase in liver stiffness as a consequence of increased extracellular matrix. Noninvasive quantification of soft tissue elasticity using magnetic resonance elastography (MRE) [1] , transient elastography [2] , quasi-static elastography [3] , acoustic radiation force impulse imaging [4] , shear wave elasticity imaging (SWEI) [5] , and supersonic shear wave imaging (SSI) [6] have shown great potential in the noninvasive assessment of liver fibrosis [7] - [12] . SWEI methods are attractive as shear waves are generated inside the tissue of interest; the shear wave propagation is then monitored in space and time by a pulse-echo ultrasound and the soft tissue stiffness is estimated from the shear wave propagation velocity.
There are several methods for estimating the shear wave velocity from the shear wave motion data: the algebraic inversion method [13] , the local frequency estimation (LFE) method [14] , correlation-based methods [15] - [18] , Radon transform methods [19] , [20] , and the time-to-peak (TTP) method [21] . The LFE method does not require second-order derivative calculations as in algebraic inversion methods. Both methods have been applied to MRE data [7] , [22] , but are limited in their use in ultrasound applications because of the level of noise in ultrasound-based motion signals. Correlation-based methods introduced by McLaughlin and Renzi [15] find the shear wave arrival time by cross correlating the displacement time history of a spatial point against the displacement time history at a nearby reference point. The shear wave arrival time is then used in a time-of-flight algorithm to resolve the shear wave group velocity (SWV). Cross-correlation-based methods are used to create SWV maps as in SSI [21] , spatially modulated ultrasound radiation force [17] , and combpush ultrasound shear elastography (CUSE) [18] . The Radon transform method uses the Radon transform or a Radon sum on the spatiotemporal shear wave data to estimate the SWV [19] , [20] .
The most common method is the TTP method, which assumes a fixed propagation direction. The shear wave peak time is estimated at each spatial location, and the shear wave velocity is calculated by a linear regression of those peak times versus distance. The TTP method has been successfully used with ultrasound SWEI methods [10] , [11] ; however, in vivo motion characteristics such as low signal-to-noise ratio (SNR), physiological motion, tissue inhomogeneity, and viscoelasticity can affect the shear wave velocity estimation. Different techniques have been suggested to improve the outcome of the TTP algorithm for in vivo applications, for instance, by averaging shear wave velocity estimation over locations within an image or repeating measurements and using the goodness of linear fit to remove failed measurements. Recently, an iterative linear fitting method called random sample consensus (RANSAC) was proposed to improve the robustness of the TTP method [23] . The TTP with the RANSAC method was successfully applied to patients with liver fibrosis and showed improved diagnostic accuracy [23] . Although RANSAC implementation improves the SWV estimation for the TTP method, the RANSAC algorithm is working in the presence of gross outliers that usually skew the model fitting and lower the goodness-of-fit metrics. There is still the need for methods that can improve shear wave velocity estimation in the presence of noisy motion data.
In this paper, a modification of the TTP algorithm is proposed. The conventional TTP algorithm is limited to searching for the maximum motion in time profiles at different spatial locations. The proposed method, spatiotemporal peak (STP), searches for the maximum motion in both space and time. Moreover, this paper proposes not only using the spatiotemporal maximum motion but also applying an amplitude filter [spatiotemporal thresholding (STTH)] to select all points with motion higher than a threshold for SWV estimation. The STP and the STTH methods increase the number of data points used for estimation of the linear fit to provide a more robust estimation of the shear wave velocity. The two proposed methods (STP and STTH) are compared to the TTP algorithm. In all methods, a RANSAC algorithm is used to perform the linear fits. The SWV estimation methods are evaluated in tissue mimicking phantoms to illustrate the proposed methods and in liver in vivo.
II. METHODS

A. Time-to-Peak
The lateral TTP algorithm finds the time where the shear wave displacement is maximum for each lateral location [21] . If the displacement spatiotemporal data is given by u(x,t), the TTP method searches for the time instance that gives the shear wave peak for each spatial location, i , over all I locations
The arg{·} operator is intended to obtain the indices for the points related to the maximum of the displacement profiles and is used likewise throughout this paper. Fig. 1 (a) and (b) illustrates the TTP method. The data shown are from an acquisition in a tissue mimicking phantom (shear wave liver fibrosis model 039, Phantom 1, CIRS Inc., Norfolk, VA, USA) without interpolation of the temporal and spatial profiles. The rate at which the TTP changes with lateral position is evaluated using the RANSAC algorithm (for details, refer to [23] ).
B. Spatiotemporal Peak Method
In addition to finding the TTP at each lateral location (1), the STP method also finds the lateral location at which the maximum displacement occurs [lateral peak (LP)] at a given time instance. The spatial profile for each time instance, j , over all J time points is searched ( j = [1:J ]), as shown in Fig. 1(c) and (d)
The STP method combines the TTP i and the LP j in a single set, S, as illustrated in Fig. 1(e) . As observed in Fig. 1(e) , the LPs provide independent information that is not used in the TTP method. In some cases, the LP and TTP overlaps nonetheless the majorities are independent As with the TTP method, the RANSAC algorithm is used on set S to perform a linear model fit.
C. Spatiotemporal Thresholding Method
Instead of using the spatiotemporal locations with maximum displacement along both time and lateral dimensions, the STTH method uses all locations with motion higher than a threshold based on the local maximum. Both temporal and spatial directions are searched and the final data points are grouped into a single map. Fig. 2 illustrates the STTH method. The data shown are from an acquisition in a tissue mimicking phantom (shear wave liver fibrosis model 039, Phantom 1, CIRS Inc., Norfolk, VA) without interpolation of the temporal and spatial profiles. For each temporal profile at location x i , u(x i , t), the displacement profile is normalized to obtain u N (x i , t), as illustrated in Fig. 2(a) and (b) with a 
and a threshold T is applied to obtain
Likewise, for each spatial profile at time t j , u(x, t j ), the displacement profile is normalized to obtain u N (x, t j ), and then a thresholding operation is performed, as shown in Fig. 2 (c) and (d) with a threshold of 0.80
The STTH method combines the TTP i,T and the LP j,T into a single set, S T , as illustrated in Fig. 2 (e)
The STTH method also provides new independent data points used in the linear regression that the conventional TTP does not use. There are two types of new points with respect to TTP method: 1) points between the threshold level and the peak and 2) all lateral points higher than the threshold. The larger the threshold, the more the overlap occurs between points from lateral and temporal profiles, as shown in Fig. 2(e) . The RANSAC algorithm is used on set S T to perform a linear model fit.
D. Phantom Studies
A set of four homogeneous tissue mimicking phantoms (shear wave liver fibrosis model 039, CIRS Inc., Norfolk, VA, USA) were used to test the group velocity estimation methods. The nominal shear wave group velocities of the phantoms reported by the manufacturer from quasi-static tests are 1.06, 1.80, 2.83, and 3.80 m/s, for Phantoms 1, 2, 3, and 4, respectively. The phantoms have an ultrasound attenuation of 0.5 dB/cm/MHz, a mass density of 1030 kg/m 3 , and a sound speed of around 1540 m/s. Five consecutive acquisitions were obtained by positioning the probe on different locations of each phantom. Shear waves were generated at a depth of 4 cm from the phantom surface. For comparison ten shear wave speed measurements were acquired with a General Electric Logiq E9 (LE9, GE Healthcare, Wauwatosa, WI, USA) equipped with an acoustic radiation force shear wave elastography method [24] . Measurements were made at 4 cm from the phantom surface with a curved array transducer (C1-6-D, GE Healthcare). The mean and interquartile ranges (IQRs) from the LE9 measurements were used as a reference.
E. Human Studies
Healthy individuals with no history of liver disease were included in the study. The experiment protocol was approved by the Mayo Clinic Institutional Review Board and written informed consent was obtained prior to scanning. Fourteen subjects [eight females and six males, mean body mass index (BMI): 29 ± 5 kg/m 2 ] were recruited for the study. Imaging was performed by an experienced sonographer with the ultrasound probe positioned at the eighth intercostal space and during breath holds. Under the guidance of B-mode imaging, the sonographer located a region of interest 1.5 cm below the liver capsule. Five consecutive acquisitions were obtained.
F. Phantom and Human Studies Data Acquisition
A Verasonics Vantage system equipped with a C5-2v curved array transducer was used in this paper (Verasonics, Inc., Kirkland, WA, USA). For shear wave generation, a single focused push beam with push duration of 600 μs was transmitted. The detection beams were wide beams with an f /9.9 focal configuration transmitted with a frequency of 2 MHz. Received signals from two steering angles were compounded [25] , giving an effective pulse repetition frequency of 2.77 kHz. For the phantom studies, two sets of data were acquired, using 90 V for the transmitted push signal to achieve high SNR in the measurements and 20 V for the transmitted push to obtain measurements with low SNR. Measurements with an SNR higher than 20 dB were considered high SNR and measurements with an SNR lower than 10 dB were considered low SNR.
G. Phantom and Human Studies Data Processing
The axial particle displacement (U z ) was calculated using an autocorrelation method [26] . The displacement data within the focal zone were averaged along the axial direction (focal depth, ±2.5 mm) to create spatiotemporal maps. Only positive displacements were preserved on the spatiotemporal maps for the phantom study and human study. To improve the robustness of shear wave speed estimates, only realistic shear wave speeds in human liver were considered; thus, shear wave speeds higher than 5.8 m/s and lower than 0.5 m/s were considered failed measurements [8] , [11] . The lateral span to track shear waves was 16 mm, and a spatiotemporal interpolation factor of 10 was used (interpolation was performed both on time and spatial dimensions by a factor of 10 in each direction).
H. Group Velocity Estimation
In both phantom and human studies, the SWV was estimated using the TTP method, the spatiotemporal maximum motion method (STP), and the STTH method. The linear regression used to estimate shear wave velocity was based on the RANSAC algorithm applied to the TTP shear wave velocity estimation proposed by Wang et al. [23] . In summary, for shear wave velocity estimation, the RANSAC algorithm finds the linear model in the presence of strong outliers by performing three steps for a number of iterations: 1) randomly selects a subset of points; 2) classifies the points that do not match the linear model within the expected measurement error (t e ) as outliers; and 3) retains the points that better fit a previous iteration determined by a cost function. The linear model that is fit to the spatiotemporal data sets from TTP, STP, and STTH methods (1), (3), and (8) is
where t is time, SWV is the shear wave group velocity, x is the lateral distance, and β is a constant. For simplicity, the measurement error (e = t −t, wheret is the linear model estimated time) in all methods was assumed to occur only in the temporal dimension. The cost function used in the RANSAC algorithm to find the best linear model was the M-estimator as used by Wang et al. [23] 
ρ(e 2 ) = e 2 , e 2 < t 2 e inlier t 2 e , e 2 ≥ t 2 e outlier (11) where t e is the expected measurement error. The expected measurement error was set to 99% of the standard deviation of the shear wave time delay estimation previously measured in the phantoms to be 0.18 ms and according to Wang et al. [23] .
The same value of σ (see the details in [23] ) was used to process all phantoms and human study data.
Threshold values in the STTH method were studied in the phantoms with values from 0.5 to 1 in increments of 0.01. The optimal threshold value is selected by maximizing the RANSAC number of inliers or the inliers ratio defined as the ratio of number of inliers to total points. Fig. 3 illustrates the median of inliers ratio (n = 10) as a function of threshold for the phantoms. Because in an in vivo application the measurements will be a combination of data with high and low SNR, the optimal threshold value of each phantom was selected from the median of inlier ratio of combined high SNR and low SNR (n = 20) giving optimal thresholds of 0.99, 0.97, 0.96, and 0.95 for Phantoms 1, 2, 3, and 4, respectively. Similarly, the threshold value that maximizes inlier ratio in the human study was found to be 0.97.
It is important to note the differences between the STP and STTH methods. With the purpose of increasing points used in the linear regression for a more robust estimate of shear wave velocity, the STP method includes the peaks from temporal and spatial particle motion profiles. On the other hand, the STTH method includes not only the peak but other points that are higher than a threshold. Thus, the STP method is the same as the STTH method with a threshold of 1. Reducing the threshold value from 1 allows the inclusion of more points that improve the inlier ratio (as described in Fig. 3) , and therefore, these additional points are also a representation of the shear wave velocity.
I. Statistical Methods
Results are reported as median and IQR of successful measurements. To evaluate if there was a significant difference in the mean of RANSAC coefficient of determination r 2 and number of inliers among the investigated methods (TTP, STP, and STTH), two sample paired t-tests with one side tail were used. To evaluate if there was a significant difference in the variance of shear wave velocity measurements among the investigated methods (TTP, STP, and STTH), two sample paired F-tests with one side tail were used. Statistical significance for all results was accepted for p ≤ 0.05. 
III. RESULTS
A. Phantom Studies
The shear wave propagation map, TTP fit, STP fit, and STTH fit for both the high SNR and low SNR data sets of Phantom 1 are illustrated in Fig. 4 .
The phantom study results summarizing SWV for all methods and phantoms are shown in Table I .
The independent analysis of high and low SNR cases illustrates the increase in variability of shear wave measurements when the SNR of shear wave motion signal is low; however, in any application SWV measurements are computed from a number of measurements that encompass high and low SNR shear wave data. For that reason, the forthcoming results are presented from combining the high and low SNR cases. Fig. 5 summarizes the shear wave velocity measurements for each phantom (combined high and low SNR cases) with TTP, STP, and STTH with optimal threshold value. The variance of SWV estimates with STP and STTH methods were statistically significantly lower (F-test p < 0.01) than TTP method in Phantoms 1-3. There was not a statistically significant lower variance of SWV estimates in Phantom 4 with STP (F-test p = 0.61) and STTH (F-test p = 0.45) methods with respect to the TTP method.
The RANSAC coefficient of determination r 2 for each phantom with TTP, STP, and STTH are summarized in Fig. 6 . The mean coefficients of determination r 2 of STP and STTH linear regression were statistically significantly higher (t-test p < 0.01) than those of the TTP method in Phantom 2. The RANSAC number of inlier points for each phantom with TTP, STP, and STTH is summarized in Fig. 7 . The mean RANSAC numbers of inliers of STP and STTH were statistically significantly higher (t-test p < 0.01) than those of TTP method in all phantoms. On the other hand, the median inlier ratios for Phantom 1 were 0.80, 0.84, and 0.87, those for Phantom 2 were 0.62, 0.67, and 0.70, those for Phantom 3 were 0.70, 0.70, and 0.73, and those for Phantom 4 were 0.75, 0.78, and 0.81, respectively, for the TTP, STH, and STTP methods. The shear wave propagation map, TTP fit, STP fit, and STTH fit for two representative human liver data sets (good data, subject 5, and poor data, subject 6) are illustrated in Fig. 9 . Table II shows the summary of shear wave velocity estimation results for the group of 14 subjects or 140 measurements. The variances of SWV estimates with STP and STTH methods were statistically significantly lower (F-test p < 0.01) than those with the TTP method. The success rate is defined at 
B. Human Studies
IV. DISCUSSION
Results of phantom and in vivo human studies show that using the STP and spatiotemporal thresholding (STTH) Fig. 8 . Box-and-whisker plots of shear wave velocity measurements for each subject. The box represents the IQR, and the red continuous line represents the median and the cross symbols (+) represents outliers (n = 10 measurements). methods in the presence of high noise can reconstruct the SWV with more precision than the conventional time-to-peak (TTP) method. The phantom study served to illustrate the effects of low displacement SNR in shear wave data when estimating the group velocity, as illustrated in Fig. 4 . For the STTH method, it can be observed in Fig. 3 that the optimal threshold value (to maximize the number of points that are used in the linear regression) varied among the phantoms: higher thresholds can be used to maximize the inliers for softer phantoms (Phantom 1 and 2) , and in the case of stiffer phantoms (Phantoms 3 and 4) , the results suggest that reducing the threshold maximizes the number of points that are used in the linear regression.
The summary of the phantom study shear wave velocity estimates for all phantom and SNR cases in Table I indicates TABLE II SUMMARY OF HUMAN LIVER SHEAR WAVE VELOCITY RESULTS (n = 140) that the median of SWV estimates were similar among the studied methods and the IQR of SWV estimates decreased with the STP and STTH methods with respect to TTP method in the majority of the cases (high SNR, low SNR, and combined high and low SNR and phantoms). Combining the high and low SNR data sets serve as an example of in vivo data set where a number of acquisitions are averaged (composed of good and poor SNR shear wave motion data). In the combined data sets, the STP and STTH methods were able to reconstruct SWV with a significantly less variance than the SWV estimates with the TTP method in Phantoms 1-3. In the stiffest phantom (Phantom 4), there was not statistically significantly less variance in SWV estimates from the STP and STTH methods with respect to the TTP method. Similarly, the median SWV estimates from the studied methods (TTP, STP, and STTH) were similar to the reference values of SWV (from manufacturer and LE9) in Phantoms 1-3. These results agree with the literature: in stiffer materials, shear wave motion SNR is low and thus the uncertainty of detecting shear wave propagation and reconstructing shear wave speed is high [27] .
The motivation behind the STP and the STTH methods is to increase the number of data points used for the estimation of the linear fit to provide a more robust estimation of the shear wave velocity. Only in Phantom 2, an increase in linear regression coefficient of determination r 2 (a measure of robustness in a linear fit) was found with the STP and the STTH methods with respect to the TTP method, nonetheless the r 2 was higher than 0.98 in general (Fig. 6 ). In the RANSAC algorithm, the numbers of points that are used in the best possible linear regression are called inliers. Fig. 7 illustrates a statistically significant increase in inliers with the STP and STTH methods with respect to TTP method in all phantoms. This suggests that the additional data points that are included by the STP and STTH methods represent the same "true linear fit" as the TTP method.
The TTP, STP, and STTH methods were evaluated in detail in representative good and poor data sets from in vivo studies of a human liver. As shown in Fig. 9 , the spatiotemporal shear wave displacement maps that are used to detect the TTP, STP, and STTH data sets to be fit by the linear model are more complex than those from tissue mimicking phantom data. Factors that influence the spatiotemporal shear wave displacements maps include ultrasound attenuation, phase aberration, clutter, tissue inhomogeneity, physiological motion, motion detection methods, and material properties such as viscoelasticity and others [28] - [31] . Although the major limitation of the TTP, STP, and STTH methods is the assumption that the shear wave propagates in a pure elastic material, the estimated velocities shown in Fig. 8 demonstrate that the STP and STTH methods improve the SWV estimation precision for the majority of the subjects.
The gold standard to evaluate liver fibrosis is liver biopsy. Liver biopsy results are classified by the METAVIR system (F0, no fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis with few septa; F3, numerous septa without cirrhosis; and F4, cirrhosis). In [32] , which discusses the guidelines and recommendations for clinical use of ultrasound elastography in liver, the shear wave velocity cut-off ranges for each fibrosis stage were reported from several studies using acoustic radiation force shear wave elastography methods. The cut-off shear wave velocities for F0-F1 is <1.2 m/s, F2 is 1.13 to 1.55 m/s, F3 is 1.43 to 1.81 m/s, and F4 is 1.36 to 2.13 m/s. Although the STP and STTH methods improve the precision of shear wave velocity estimation and as a consequence the shear wave velocity is lowered with respect to the TTP method estimates, the median SWVs of healthy human liver in this study is slightly higher compared with the literature values (refer to Table II) . There are several possible reasons why these estimates are higher than the literature values. First, in [32] , mostly clinical ultrasound scanners were used (Aixploer by Supersonic Imagine, S2000 by Siemens, iU22 by Phillips, and Logiq E9 by GE), whereas our study was conducted with a research ultrasound scanner (Verasonics Vantage). There are no other studies on healthy livers using this scanner, and therefore, it is difficult know if our results are biased or not. Second, as discussed by Ferraioli et al. [32] , the shear wave speed cut-off ranges for liver fibrosis stages are large and overlap between consecutive stages, which suggest the large variability that exists in measurements from different ultrasound scanners. This variability and difference between different machines are the motivation of the Quantitative Imaging Biomarker Alliance ultrasound shear wave speed technical committee, where a great effort is ongoing to standardize the variability that exists in quantitative elasticity measurements from clinical applications [33] - [35] . Third, there is evidence that the healthy shear wave speed measurements are biased high depending on food intake and BMI [31] , [36] , [37] . For instance, the majority of the subjects were studied between noon and 2 P.M. (which is the most convenient time for the volunteers to attend the study); however, we did not control and or inquire about the subjects' food intake. As shown in Fig. 8 , the results for subject 12 are significantly higher than the overall cohort; the fact that this individual's BMI is larger than 35 suggests these high shear wave velocity results could be due to significantly lower SNR.
The overall success rate is summarized in Table II . With the STP method, the success rate is increased by 8% points with respect to the TTP method, and with STTH, the success ratio is increased by 14% points with respect to TTP. Moreover, the variation of the shear wave velocity estimates in the 14-subject cohort (IQR of 140 measurements) decreased at least by 8% points when using the STP and STTH methods respect to the TTP method.
A potential limitation of the proposed methods is the assumption of shear wave propagation in pure elastic materials. Nonetheless, clinical scanner use a single SWV measurement that ignores tissue viscosity, and thus the pro-posed methods offer a postprocessing approach that can be implemented in clinical scanners to improve SWV estimation. On the other hand, a potential limitation of the phantom study is using LE9 values as the reference to measure accuracy of the studied methods. LE9 values are estimated from a small lateral range (2-5 mm) with cross-correlation techniques [24] , while the methods studied use a larger lateral span (16 mm) with linear regression techniques. On the other hand, the ability of the STTH method to vary the threshold level provides more flexibility to optimize and achieve more precise estimates of SWV. However, the threshold values were not parametrically studied and a more detailed study is needed to determine the most optimal threshold level to maximize precision on shear wave velocity measurements in a wide range of tissue mimicking phantoms and tissues.
In this paper, the STP and STTH methods were applied to shear wave displacement data; however, they can be applied to other shear wave motion data such as shear wave velocity and acceleration. Additionally, the STP and STTH methods could be used as a kernel operator for estimating local shear wave speed for the purposes of creating a shear wave image. These methods could be used instead of the correlation estimation within the 2-D method proposed by Song et al. [38] and use the Anderssen and Hegland spatial weighting approaches to estimate shear wave speed. Finally, the idea of using both the spatial peak and temporal peak could be extended to crosscorrelation-based methods to perform cross correlation on the spatial waveforms at each time point to create 2-D shear wave speed maps. The STP and STTH methods could be extended to work for other shear wave motion data such as velocity and acceleration as well as applied to shear wave velocity imaging techniques such as CUSE [18] .
V. CONCLUSION
Two methods for enhancing SWV estimation are proposed. The first method combines spatial and temporal peak searches (STP method) in shear wave motion data to estimate shear wave velocities, whereas the second method uses STTH to estimate shear wave velocities. The STTH method uses a threshold level, but the optimal threshold level may vary depending on the application and its optimization was not fully investigated in this paper. Both proposed methods were able to improve the precision and success rate of shear wave velocity estimates in tissue mimicking phantoms and in vivo healthy liver data compared with the conventional TTP method.
